Compared with the conventional stick-built construction method, panelized construction offers greater sustainability in terms of energy, waste, and emissions reduction. The empirical research presented in this paper addresses the carbon footprint of panelized construction by quantifying and comparing the carbon emissions during the framing stage between panelized and conventional stick-built construction methods. The data for quantifying the emissions of panelized construction is collected from a prefabrication plant, Landmark Building Solutions (LBS), while the data for conventional construction is drawn from previous research of one of the co-authors. The framing phase of panelized construction, including panel fabrication in the plant, panel transportation to the site, and panel erection on site, is investigated and compared with the stick-built method. The associated emission comparison includes (1) operational emissions and (2) embodied emissions; the former has to do with direct emissions during fabrication and construction, and the latter is related to resources during the process, measured in terms of embodied emissions (cradle-to-gate). Different research methods, such as reviews of accounting records and discussion with experts in a task-group setting, are customized to different elements. The research results indicate that carbon emissions are reduced significantly through the use of a panelized construction method, compared to the conventional stick-built method. 
INTRODUCTION
Compared with the conventional stick-built framing construction method, panelized construction offers the benefits of an accelerated construction process, improved quality, decreased material waste, and reduced hazards and injuries. Panelized construction also contributes to sustainability by reducing energy usage, subsequently reducing greenhouse gas (GHG) emissions during the construction process. This research, a plant-oriented empirical study, addresses the environmental aspect of panelized construction by quantifying the carbon footprint of panelized construction and comparing it with that of the conventional stick-built construction method. The processes of Landmark Building Solutions (LBS), which is the manufacturing division of the Landmark Group of Builders, are the focus of this study. LBS is a 9,300 m 2 manufacturing facility in Edmonton, Alberta, Canada with the designed capacity to produce wall and floor panels for 3-4 homes in an 8-hour shift.
The process of panelized construction includes panel fabrication in the plant, panel transportation to the site, and panel erection on site. The associated emissions comprise operational emissions, which are generated directly from the fabrication and construction processes, and embodied emissions, which are related to the resources used in the process and are measured in terms of embodied emissions.
Generally, for construction projects, the upstream processes which are considered in the quantification of embodied emissions, as what Inui et al. (2011) summarized, could include the following: (1) raw material extraction; (2) transportation of raw materials to material processing plant; (3) manufacturing of building materials in plant; (4) transportation of building materials to the site; (5) construction on site; (6) operation and maintenance; and (7) demolition, disposal or recycle. The above life cycle boundary is known as 'Cradle-to-Grave', as shown in Figure 1 ; correspondingly, the gas emitted until the product leaves the manufacturing factory is specified as 'Cradle-to-Gate', and emissions incurred until delivery of the product to the construction site are referred to as 'Cradle-to-Site'. 'Cradle-to-Gate' is the most common domain, and it is also the domain for comparison in our research.
Figure 1. Life Cycle Emission
The construction industry is one of the main sources of carbon emissions in Canada. With the carbon footprint as the main index of the impact of construction on the environment, a number of studies investigating construction carbon emissions have been conducted. Kwok et al. (2011) and Inui et al. (2011) have reviewed and summarized CO 2 emission models for the building process as follows: (1) InputOutput Economic Model (Top-Down): using an economic (I/O) model, the carbon emissions of each activity and sector are calculated based on the economic revenue percentage (Gross Domestic Product (GDP) data, or tax) and the country's total emissions. The advantage of the input-output model is the accessibility of macroeconomic data, while the disadvantage is that several assumptions are required in order for the data to be broken down. This method has been adopted both in Canada and in Japan. (2) Process Model (Bottom-Up): In the process model, carbon emissions are calculated according to the energy consumption at the manufacturing levels of construction process, including raw material extraction and manufacturing, building material transportation, construction, operation, and maintenance. This model is more precise than the economic I/O model; however it requires more detailed information. (3) Hybrid Model: The hybrid model is a combination of the economic I/O model and the process model, in which the carbon emissions associated with fuel consumption are estimated using the economic I/O model, while carbon emissions from other sources, e.g. materials and water, are estimated by means of the process model. The hybrid model is a flexible model that does not have the disadvantages of both the I/O and process models, but it contains other disadvantages, such as the challenge of making assumptions, and boundary justification. Harmouche et al. (2012) have developed a carbon footprint calculating tool for construction of buildings which takes into account such project characteristics as size, location, and materials. Memarzadeh and Golparvar-Fard (2012) have presented a visualized tool for carbon footprint monitoring; this method is based on an n-dimensional augmented reality in which the embodied carbon footprints are "jointly represented in a common 3D environment". Cases have also been studied in the context of specific projects. Chau et al. (2008) have measured the embodied energy for basement walls as an environmental impact indicator. Hermreck and Chong (2009) have studied the embodied energy of construction and demolition waste (CDW), and technical metabolism with respect to regional differences and different building designs. Mah (2011) has carried out a study into the carbon emissions of a typical residential house in Edmonton, in which the stick-built construction process is divided into 17 stages, and the carbon emissions are quantified corresponding to each stage.
In addition to operational carbon emissions, embodied carbon emission is another key area of carbon emission quantification. Embodied carbon emissions are related to embodied energy, which is in addition to the energy consumed during the construction process. In general, embodied energy and emissions are related to the materials used in construction, where an embodied emission factor indicates how much gas is emitted from extraction of the associated raw materials to the processing of those materials into a final usable form. Hammond and Jones (2008) have built a comprehensive inventory of carbon and energy; based on the data collected from secondary sources, "including journal articles, life cycle analyses (LCAs), books, and conference papers, etc.". Factors of embodied energy and carbon emissions are represented in their inventory. It should be noted that the construction equipment used during construction processes also has embodied energy and corresponding emissions. Among the relevant research studies, Inui et al. (2011) have calculated the embodied energy and emission for construction equipment.
While panelized construction, compared with conventional stick-built construction, offers the benefits of sustainable construction in terms of energy, waste and emission reduction, most of the research in the area of emission quantification has focused on conventional stick-built construction. The research presented in this paper examines the environmental aspect of panelized construction by quantifying the carbon emissions of both the panelized construction and conventional stick-built construction methods for the purpose of comparison.
RESEARCH OBJECTIVE AND METHODOLOGY
The aim of this comparative study is to quantify the environmental impact of panelized construction and evaluate its carbon emission reduction potential in comparison to the conventional stick-built construction method. The research objectives include: (1) quantifying the operational emissions of panelized construction; (2) assessing embodied emissions for both panelized and stick-built construction; and (3) comparing the operational, embodied, and overall emissions between panelized and stick-built construction for the purpose of measuring the benefits of panelized construction in terms of carbon emissions. The above quantification and assessment are measured as carbon emissions per floor area (kg/m 2 ). In this research, the operational and embodied emissions during the framing stage are measured for panelized construction; meanwhile, the embodied emissions of stick-built construction are quantified, along with the operational emissions as outlined in the literature. The context of operational emissions for panelized construction is defined using a two-dimensional matrix, with one dimension expressing the construction process and the other representing the resource elements involved in construction (see Table 1 ). Panelized construction-related data was collected from January to December, 2012, and the total floor area of the output was 94,105 m 2 . In this study, various research methods are customized for different elements as follows: (1) Reviewing of accounting records is given the highest priority, and is applied to quantify the utility usage of the manufacturing facility (i.e., electricity, gas); propane usage in the plant; transportation of lumber; and diesel consumption of the LBS fleet, including cranes and heavy transportation vehicles. (2) Discussion with experts in a task-group setting, calculation, and validation are used for raw material transportation (i.e., windows, doors), the emissions from which are calculated based on operation hours. Hourly fuel consumption is estimated using theoretical calculation, and validated by experts in a task-group setting. (3) Expert discussions in a task-group setting are also used to investigate the fuel consumption of employees' transportation and site managers' vehicles. (4) The existing literature is cited in determining operational emissions for the conventional stick-built homebuilding process. (5) An incremental method is applied for embodied emission calculation, based on the assumption that the net material consumptions are the same for both the panelized and stick-built methods. Only the embodied emissions of major elements, such as lumber and engineered wood products, transportation vehicles, cranes, gasoline and diesel, and propane, are taken into account. Figure 2 illustrates the different research methods and data sources for each emission element. 
CALCULATION
The carbon footprint of panelized construction is calculated using the amounts of different resource elements and the corresponding emission factors. Calculation Equations (1) to (7) Where: CO 2 -CO 2 Emission (kg); SW -Self-weight (kg); OT -Operation Time (hr); UL -Useful Life (hr); EEF C -Embodied Emission Factor of Crane, 4.597 kg C/kg, the average value of EEF (Inui et al. 2011 
Calculation results
The calculation results of panelized construction are demonstrated in Table 2 . For the stick-built method, the operational emissions have been archived in the coauthor's previous research (Mah 2011) , and the embodied emissions have been calculated using the above formulae; the results are also listed in Table 2 . The percentages contributed by different elements are displayed in Figure 3 and Figure 4 for panelized and stick-built construction, respectively. 
COMPARISON
For operational emissions, the components of the framing phase are made consistent for the panelized and stick-built methods: (1) both take into account winter heating based on the cycle time calculations; and (2) both take into account one portion of raw material transportation, excluding the treated lumber transportation to the plant for panelized construction. For embodied emissions, the following items are taken into account: (1) assuming the net material consumption is the same for stickbuilt and panelized construction, the reduced waste is employed to calculate the embodied emission reduction of materials; (2) the saved trips to the field and cycle time are used to calculate the vehicle and crane embodied emission reduction; and (3) the fuel and propane consumption are calculated as part of embodied emissions.
The operational, embodied, and overall emissions are compared between the panelized and the stick-built construction methods as summarized in Table 3 . The calculation results demonstrate that the use of the panelized construction method reduces overall emissions by 42.76% compared to the stick-built method. Based on the associated emissions of the elements which make up the panelized and the stickbuilt methods, on-site winter heating accounts for 34% and 50% of the measured emissions for the panelized and the stick-built methods, respectively. 
CONCLUSION
The results indicate that the carbon footprint of residential house construction is dramatically reduced through panelized construction, and the panelized construction method is proven to be a more environmentally-friendly and energyefficient construction method than conventional stick-built. It is demonstrated that the on-site winter heating is a main carbon emission source for both construction methods, which determines that the on-site winter heating is a major issue and a region-specific factor for cold area construction. It can also be inferred, the principle of reducing carbon footprint through panelized construction is that the transfer of the construction environment from outdoors to indoors results in savings for on-site winter heating.
Construction carbon footprint is not only an environmental issue, but also an issue which has an impact on the economy and society. Carbon footprint assessment provides a uniform and neutral index for analysis of different construction methods, since carbon emission factors remain constant, whereas the conventional index of cost is prone to fluctuations. Also, carbon footprint provides an index for evaluation and trade-off of life cycle analysis (LCA), which encompasses the construction, operation, and demolition phases. This study builds the foundation for the authors' future research investigating different methods for the construction of NetZeroenergy homes.
